Method given for intuitively visualizing constancy of light speed. Using mass-energy equivalence, we can show with the help of simple thought experiments, that velocity time dilation and gravitational time dilation are a necessary consequence of principle of relativity. Speed of light is discussed in the context of each kind of time dilation.
Introduction
We know light is an electromagnetic wave. So according to Maxwell's equations the speed of light in vacuum [1] c 0 = 1/ √ µ 0 ǫ 0 (=299 792 458 m/s)
[2] [3] . In any given inertial frame, the speed of light is a constant, independent of the state of motion of the emitting body. This fact has been confirmed by experiments [4] [5][6] [7] . Albert Einstein in his paper [8] 'On the Electrodynamics of Moving Bodies', which was published in 1905 and gave birth to special relativity, used constancy of light speed as a postulate.
Even though theoretically proved and experimentally verified, students of physics find the constancy of light speed counterintuitive and logically inconsistent. The main reason is that, in introductory courses to special relativity, no or insignificant explanation is given for its intuitive understanding. No physical mechanism is provided which can satisfactorily account for constancy of light speed. Instead, it is directly introduced as a fundamental postulate in special relativity. Consequently, other relations derived using constancy of light speed appear 'mysterious'. Hence, it will be highly advantageous to have a physical interpretation of constancy of light speed and comprehend its underlying physics, before we proceed to show its implications in special relativity. This paper is an attempt in this direction.
I will start with stating principle of relativity and deriving the mass energy equivalence equation E = mc 2 by Einstein's Gedankenexperiment [9] [10] . I will use them in a thought experiment to deduce velocity time dilation, which can subsequently account for constancy of light speed. Then using similar method in another thought experiment, gravitational time dilation will be deduced and its effect on speed of light will be discussed. Finally, the paper is concluded. Throughout this paper, only classical physics is used. This paper, it is anticipated, will be useful for understanding and also for teaching the foundations of special relativity.
Starting points 2.1 The Principle of Relativity
The laws of physics are the same for all observers in uniform motion relative to one another. Experiments will have same results in every inertial frame and thus can't be used to determine absolute velocity of any inertial frame.
Einstein's Gedankenexperiment
We suppose [11] that an amount E of radiant energy (a burst of photons) is emitted from one end of a box of mass M and length L that is isolated from its surroundings and is initially stationary. According to classical physics, the radiation carries momentum E/c. Since the total momentum of the system remains equal to zero, the box must acquire a momentum equal to −E/c.
Hence the box recoils with a speed v, given by
After traveling freely for a time ∆t ( = L/c very nearly, provided v << c), the radiation hits the other end of the box and conveys an impulse, equal and opposite to the one it gave initially, which brings the box to rest again. Thus the result of this process is to move the box through a distance ∆x :
But this being an isolated system, we are reluctant to believe that the center of mass of the box plus its contents has moved. We therefore postulate that the radiation has carried with it the equivalent of a mass m, such that
Putting Eq. (2) and Eq.(3) together, we have
This is the famous mass-energy equivalence equation, which was proposed by Einstein in 1905, in the paper [12] 'Does the inertia of a body depend upon its energy-content?'. It states that energy equals mass multiplied by the speed of light squared.
Velocity time dilation
Let S and S ′ be the two inertial frames of reference. Let there be two observers Mr.X and Mr.Y in the frames S and S ′ respectively. Also, let there be a Hydrogen atom in the frame S ′ . Consider that initially both the frames, S and S ′ , were at rest with respect to each other.
Imagine that high frequency radiations are incident on both the frames along X-axis. Let its frequency be ν 0 . Let the energy hν 0 ( where h is Plank's constant ) of the radiations, as measured by the observers, be just equal to the ionization energy of the hydrogen atom. So for both the observers ionization of the H-atom will occur. Now let us suppose that frame S ′ moves with respect to frame S, with a uniform velocity v, in the positive direction of Y-axis ( i.e. ⊥ to the direction of propagation of the incident radiations ). We can show [13] that E = mc 
If the rest mass of electron is m 0 , the binding energy E 0 of the ground sate of the Hydrogen atom is :
Taking the increase in mass of the electron as shown in Eq. (5) into account, the binding energy E of the ground state of the Hydrogen atom in frame S ′ as apparent to Mr.X will be :
This means that the binding energy of H-atom will increase by Lorentz factor due to increase in mass of its electron. Because ionization energy is equal to binding energy in magnitude, therefore for Mr.X, ionization energy of H-atom will also increase by Lorentz factor. However, frequency and thus energy of the radiations will remain same for Mr.X. Therefore for Mr.X, now energy of the radiations will be less than the new ionization energy of Hatom. Thus for Mr.X, H-atom in frame S ′ will not ionize.
Now let us see what
Mr.Y will observe. Because Mr.Y is at rest with respect to H-atom, therefore he will not observe any increase in the mass of the electron. Thus for him ionization energy of H-atom will not increase. Now if we assume that for Mr.Y, frequency and thus energy of the radiations perpendicular to his motion will remain same, then this would mean that for Mr.Y, H-atom will ionize. But this can't be true, because Mr.X and Mr.Y can't observe different results for the same experiment, for that violates principle of relativity.
The only way both observers can observe same results is that for Mr.Y, frequency of the incident radiation must decrease by the same factor by which ionization energy of H-atom increased for Mr.X i.e. Lorentz factor. So for Mr.Y, apparent frequency ν will be :
We know ν = 1/t (where t is the time period). Thus, if t 0 be the proper time period, then from Eq. (8) we have apparent time period t as :
This expresses the fact that for the moving observer the period of the clock is longer than in the frame of the clock itself. It is called velocity time dilation. This effect is reciprocal i.e as observed from the point of view of any two clocks which are in motion with respect to each other, it will be the other party's clock that is time dilated.
Velocity time dilation and light speed
Constancy of light speed means that the speed of light in free space has the same value in all inertial frames of reference. In this section, I intend to prove that constancy of light speed can be shown as a direct consequence of velocity time dilation.
As concluded in section 3 above, a clock that moves with respect to an observer ticks more slowly than it does without such motion. Now let us consider a hypothetical clock called photon clock. In it light is reflected back and forth between its mirrors and whenever the light strikes a given mirror, the clock ticks once. If this clock is in inertial motion with respect to an observer, then velocity time dilation will cause it, like all other kinds of clocks, to tick slower. However, because the clock is moving, the light pulse will trace out a longer, angled path between the mirrors. The net result of velocity time dilation and increase in the path length is that the speed of light in the moving photon clock remains equal to the speed of light in the rest photon clock. In other words, speed of light remains constant.
To prove above explanation, let c be the speed of light in a photon clock which is at rest relative to an observer on ground and c 0 be the speed of light in an identical photon clock moving at the speed v relative to the observer on ground. Clearly, both the clocks are in inertial frames of reference. In the photon clock at rest , the time interval between ticks is the proper time t 0 and the time needed to travel between the mirrors at the speed of light c is t 0 /2. Hence the vertical distance L between its mirrors (and the mirrors of identical moving photon clock) is equal to c(t 0 /2).
In the moving photon clock, the mirrors are parallel to the direction of its motion. Let t be the dilated time interval between its ticks. Because the clock is moving, the light pulse, as seen by the observer on the ground, follows a zigzag path. On its way from the lower mirror to the upper one in the time t/2, the light pulse travels a horizontal distance v(t/2) and a total distance c 0 (t/2). Since c(t 0 /2) is the vertical distance between its mirrors, using Pythagorean theorem we have :
Thus, speed of light in rest photon clock is equal to the speed of light in moving photon clock or in other words speed of light is constant. This proves that velocity time dilation can account for constancy of light speed .
The case discussed above, in which the mirrors of photon clock are parallel to the direction of its motion, is a simple one. Here velocity time dilation alone can account for constancy of light speed. Now if the photon clock is rotated, such that its mirrors are no more parallel to the direction its motion, then the distance between the mirrors L will undergo length contraction [16] . In such cases, in order to account for light speed constancy, in addition to velocity time dilation, we will have to include the effect of length contraction as well. However, length contraction itself can again be deduced from velocity time dilation and can be easily shown as a necessary consequence of velocity time dilation and the principle of relativity [17] . Thus velocity time dilation can still be considered the fundamental cause of light speed constancy.
Gravitational time dilation
Suppose there are two observers Mr.X and Mr.Y on the surface of a massive body (i.e. lower gravitational potential). Let there be a hydrogen atom with them. Consider that they make radiations of frequency ν 0 incident on it with the help of a radiation source on the ground. Let its energy, as measured by both the observers, be just equal to the ionization energy of the H-atom. So for both the observers ionization of the H-atom will occur.
Let us consider the position of an observer as his 'zero of gravitational potential energy'. Now suppose Mr.Y goes up to a higher altitude h along with H-atom (to higher gravitational potential). Now for Mr.X, electron of the H-atom will gain potential energy P.E = m 0 gh (where m 0 is electron mass, g is acceleration of gravity). Using the result of Gedankenexperiment E = mc 2 , the new mass m of the H-atom's electron as apparent to Mr.X will be :
Taking the increase in mass of the electron as shown in Eq.(16) into account, binding energy E of the ground state of the Hydrogen atom in higher gravitational potential as apparent to Mr.X will be :
This means that the binding energy of H-atom will increase by 1 + gh/c 2 due to increase in mass of its electron. Consequently this would mean that for Mr.X, ionization energy of H-atom will increase by 1 + gh/c 2 . However, frequency and thus energy of the radiation will remain same for Mr.X. Therefore for Mr.X, now energy of the radiation will be less than the new ionization energy of H-atom. Thus for Mr.X, H-atom at the high altitude will not ionize with the same radiation source. 
Now let us see what will
Mr.Y observe. Because Mr.Y is at the same altitude as H-atom, therefore for him , its electron will not gain any potential energy. Consequently he will not observe any increase in the mass of the electron. Thus for him ionization energy of H-atom will not increase. Now if we assume that for Mr.Y, frequency and thus energy of the radiation coming from Mr.X (using same radiation source) will remain same, then this would mean that for Mr.Y, H-atom will ionize. But this contradicts principle of relativity.
The only way both observers can observe same results is that for Mr.Y, frequency of the incident radiation must decrease by the same factor by which ionization energy of H-atom increased for Mr.X i.e. 1 + gh/c 2 . So for Mr.Y, apparent frequency ν will be :
If t 0 be the local proper time period, then from Eq. (18) we have apparent time period t as :
This shows that clocks which are far from massive bodies (or at higher gravitational potentials) run faster, and clocks close to massive bodies (or at lower gravitational potentials) run slower. It is called gravitational time dilation. This effect is also manifested in accelerated frames of reference by virtue of the equivalence principle.
Gravitational time dilation and light speed
The propagation of light is influenced by gravitation [18] . Although speed of light is constant in inertial frames of reference in special relativity, it can vary based on its position for accelerated frames of reference in special relativity and in general relativity. Concerning this fact Einstein wrote [19] "...according to the general theory of relativity, the law of the constancy of the velocity of light in vacuo, which constitutes one of the two fundamental assumptions in the special theory of relativity and to which we have already frequently referred, cannot claim any unlimited validity. A curvature of rays of light can only take place when the velocity of propagation of light varies with position."
To study the effect of gravitational time dilation on the speed of light, let us consider two identical photon clocks (ideally infinitesimal photon clocks so that the curvature of space between its mirrors due to gravitation is negligible) with their mirrors L apart. Let one of the clocks be at a place with gravitational potential gh (i.e higher gravitational potential) and other at a place with zero gravitational potential (i.e lower gravitational potential).Clearly, the time interval between ticks of the photon clocks in higher gravitational potential and lower gravitational potential will be equal to t o and t [ as used in Eq. (19) ] respectively.
The speed of light c in the photon clock at gravitational potential gh will be :
Now the speed of light c 0 in the photon clock at zero gravitational potential will be:
[ using Eq. 
Thus, if c 0 be the speed of light at the place with zero gravitational potential, then Eq. (24) gives the speed of light c at a place with gravitational potential gh. It is clear that c > c 0 only if gh > 0. So, when an observer measures the speed of light at his own position, the constancy of its speed holds.
Different rates of time flow also cause a light beam to take longer to cross a more gravitationally-dense region than one in which the background gravitational field intensity is weaker. This fact has been experimentally established and is called Shapiro effect [20] .
Conclusion and discussion
Thus based on behavior of an atom and its logical consequences in an inertial moving frame and in gravitational field, we have explained both velocity time dilation and gravitational time dilation respectively. Although the velocity time dilation is caused by the virtue of inertial motion and gravitational time dilation by the virtue of gravitation but as we analyzed, both have essentially similar principles underlying them and similar procedures (like above) can be used to explain them. This make us infer that both kinds of time dilations are only different manifestations of a single phenomenon.
Although we can deduce time dilation in an inertial moving frame from the constancy of light speed as we do traditionally, however we must note that light speed constancy is not the cause of time dilation or in other words time dilation is not the consequence of light speed constancy. However vice versa of this can be true. The reason is that time dilation does not occur only in a photon clock but can occur in all other kinds of clocks as well, including complex ones such as decaying radioactive particles or even biological systems (where light is not involved). Thus we can say that constancy of light speed is not a prerequisite for time dilation. Infact, we can consider a moving photon clock as a particular case in which time dilation causes constancy of light speed as explained in this paper. Einstein's question [21] in this connection is note worth "Can we not assume such changes in the rhythm of the moving clock and in the length of the moving rod that the constancy of the velocity of light will follow directly from these assumptions? " Now if we place the photon clock in a lower gravitational potential, it will tick slower due to gravitational time dilation, but the path length of light between the mirrors does not increase. Therefore light will take more time to travel the same distance between the mirrors and thus its speed will appear to decrease for the observer who is in higher gravitational potential. Thus in this case it is time dilation which affects speed of light and not speed of light which causes time dilation. Time dilation is more general phenomenon of nature than light speed constancy.
Lorentz transformation (LT), which were derived by Joseph Larmor [22] in 1897, and Lorentz (1899 Lorentz ( , 1904 [23] , directly predicted time dilation. Infact time dilation by the Lorentz factor was correctly predicted by Joseph Larmor (1897), at least for electrons orbiting a nucleus, when he wrote [24] "...individual electrons describe corresponding parts of their orbits in times shorter for the [rest] system in the ratio 1 − Since 1905, lot of theoretical work has been done concerning special relativity. LT which show time dilation by Lorentz factor can very well be derived without constancy of light speed by pure algebra. After Minkowski [30] addressed the space-time geometrical nature of the LT, it was soon realized, that the area of applicability of the LT extends beyond the classical electrodynamics. Constancy of light speed is not necessary for its derivation [31] [32] . Numerous derivations of the LT are published that do not require the constancy of light speed as a postulate [33] . Infact, the over emphasized role of speed of light in the foundations of the special relativity has been even subjected to criticism [34] .
To consider time dilation as a more fundamental phenomenon of nature and constancy of light speed as one of its consequence in a particular case will have advantages. It will allow us to view, velocity time dilation and gravitational time dilation, together as one in essence. This approach will make special relativity intuitionally more acceptable. Finally it will not only provide us with an answer to the question that why is speed of light constant in an inertial frame but will also endow us with a clue for its much sought mechanism !
